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Mesoderm formation in the Drosophila embryo depends on the maternal Toll signaling pathway. The Toll pathway establishes the Dorsal
nuclear gradient, which regulates many zygotic genes to establish the mesodermal fate and promote the invagination of ventral cells. An
important target gene of Dorsal is snail, which is required for proper mesoderm invagination. The Snail protein contains five zinc fingers and
is a transcriptional repressor. However, it is not clear whether repressing target genes is a requirement for Snail to control ventral
invagination. To examine such requirement, we conducted a series of genetic rescue experiments in snail mutant embryos. Snail, Worniu, and
Escargot are closely related zinc-finger proteins and have equal functions during neuroblast development. However, among these three
proteins, only Snail can rescue the mesoderm invagination phenotype. Moreover, the ability of various Snail mutant constructs to repress
gene expression correlates with their ability to control invagination. This unique property of Snail in mesoderm formation can be attributed
mostly to the CtBP co-repressor interaction motifs in the N-terminus, not to the C-terminal DNA-binding zinc fingers. Ectopic expression of
Snail outside the ventral domain is not sufficient to induce cell movement even though repression of target genes still occurs. Together, the
results show that the repressor function of Snail is essential for gastrulation. The repression of target genes by Snail may permit other factors
in the ventral cells to positively promote mesoderm invagination.
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Introduction Manneville and Hall, 2002; Hacker and Perrimon, 1998;Gastrulation is an early morphogenetic event that estab-
lishes the three germ layers during embryogenesis of all
metazoans (Beetschen, 2001; Dawes-Hoang et al., 2003; Ip
and Gridley, 2002; Leptin, 1999; Lu et al., 2001; Myers et
al., 2002). While morphological appearance may vary, cell
shape changes and movements during gastrulation are
similar in different organisms. Moreover, common cellular
and molecular machineries, such as actin–myosin com-
plexes, Rho family of GTPases, and cell adhesion mole-
cules, are involved in gastrulation in various experimental
systems (Barrett et al., 1997; Cox et al., 1996; Etienne-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: Tony.Ip@umassmed.edu (Y.T. Ip).Miller and McClay, 1997a,b; Nance and Priess, 2002; Oda
and Tsukita, 2001). The molecular components that regulate
shape and movement are ubiquitous, but gastrulation takes
place only in specific groups of cells. Therefore, regulatory
pathways should exist that differentially modulate cell
behavior, leading to the well-orchestrated cell movements
during gastrulation.
Morphogenetic changes during gastrulation in the Dro-
sophila embryo include cephalic furrow formation, ventral
invagination, posterior invagination, and germ band exten-
sion (Costa et al., 1993). Ventral invagination leads to the
formation of mesoderm, and the molecular control of this
process is well studied (Ip and Gridley, 2002; Leptin, 1999).
By the onset of gastrulation, ventral cells have already
adopted mesodermal fate, which is established by the
maternal Toll–Dorsal pathway (Anderson, 1998; Drier and
Steward, 1997; Wasserman, 2000). Stimulation of the ubiq-
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activation of cytoplasmic components including the adap-
tors Tube and MyD88, and the kinase Pelle (Charatsi et al.,
2003; Fernandez et al., 2001; Kambris et al., 2003; Shen and
Manley, 2002; Sun et al., 2002). This signaling cascade
causes the degradation of the inhibitor Cactus, an InB
homologue, and the release of Dorsal, an NF-nB homolog,
to enter the nuclei (Belvin et al., 1995). Due to an asym-
metric cue tracing back to the oocyte (Roth, 2003), the Toll
pathway is stimulated only in ventral cells. This leads to the
formation of a gradient of nuclear Dorsal in ventral nuclei.
Dorsal functions both as transcriptional activator and re-
pressor. Moreover, different target genes are activated by
different thresholds of Dorsal protein, thereby setting up
various patterns of zygotic genes and various cell fates
along the dorsal ventral axis (Stathopoulos and Levine,
2002).
High levels of Dorsal protein in ventral nuclei are critical
for establishing mesodermal cell fate and promoting invag-
ination. Two zygotic genes, twist and snail, are particularly
important for both processes. Twist is a basic helix-loop-
helix protein and acts as a Dorsal co-factor to stimulate
high-level expression of many target genes, including snail
(Ip et al., 1992; Shirokawa and Courey, 1997). Snail
contains five zinc fingers and functions as a transcriptional
repressor (Hemavathy et al., 2000). Genes that are repressed
by Snail include single minded (sim), rhomboid (rho), lethal
of scute {l(1)sc}, short gastrulation, Crumb, Delta, E-
cadherin, and members of the enhancer of split complex.
These genes encode a variety of proteins including tran-
scriptional regulators, cell adhesion molecules, and modi-
fiers of signal transduction pathways. Many of these genes
are completely derepressed into ventral regions in snail/
mutants, and it is possible that derepression of one or more
of these genes is responsible for the failure to invaginate in
these embryos. However, a direct link between repression of
target genes and regulation of gastrulation by Snail has not
been established. For example, expression of some of the
Snail target genes such as sim, rho, or l(1)sc in the ventral
region is not sufficient to block invagination (Hemavathy et
al., 1997). Therefore, how Snail regulates gastrulation at the
molecular level is still not clear.
In this report, we describe experiments to address the
relationship between gene regulation by Snail and the
process of ventral cell invagination. Previous results dem-
onstrate that Snail and two related zinc-finger proteins
Escargot (French for snail) and Worniu (Chinese for snail)
have essential but redundant functions during asymmetric
division of neuroblasts later in embryogenesis (Ashraf and
Ip, 2001; Cai et al., 2001). Here we show that Escargot and
Worniu cannot substitute for Snail’s normal role in meso-
derm invagination. We also show that Snail’s specific role in
mesodermal invagination is dependent on the N-terminal
transcription regulatory domain but not the C-terminal
DNA-binding domain. Within the N-terminus, two CtBP
co-repressor interaction motifs are critical for Snail toregulate invagination, suggesting that it functions primarily
as a repressor in modulating cell movement. This idea is
supported further by a consistent link between the efficiency
of various mutant constructs to repress target gene expres-
sion and their ability to rescue ventral invagination. How-
ever, when expressed outside the ventral domain, Snail
cannot promote invagination even though it remains effec-
tive as a repressor of all tested target genes. Together, our
results suggest that Snail functions primarily as a transcrip-
tional repressor in mesoderm invagination. However, the
Snail-mediated repression is not sufficient to modulate cell
movement, indicating that ventral cells may require addi-
tional positive factors to promote cell movement.Materials and methods
Fly stocks and genetic rescue
Drosophila stocks were maintained in standard corn-
meal–yeast–agar medium at 25jC. The y w67 stock was
used for P element-mediated transformation. Transforma-
tion constructs were co-injected with the D2–3 transposase
helper plasmid to the embryos. Transgenic lines obtained
were mapped for the chromosomal location of the trans-
genes. The rescue lines used had the transgenes located on
the 3rd chromosome. Individual lines harboring the rescue
transgenes were crossed with double balancer stocks and
then with snailIIG05/CyO or Df(2L)osp29/CyO mutant stocks
to establish stable lines (Ip et al., 1994). The osp29
deficiency stock contains a deletion that uncovers many
genes including snail, worniu, and escargot (Ashraf et al.,
1999). These two genetic backgrounds gave identical results
in the rescue of gastrulation phenotype by selected con-
structs. Chromosomes that contain two copies of rescue
transgenes were obtained by meiotic recombination of two
independent transgenes (Ashraf et al., 1999). Ectopic ex-
pression of snail was performed by crossing the stripe 2-
snail transgenic lines to the h2-tubulin FLP line, and the
male offsprings containing both transgenes were mated to y
w female flies for embryo collection.
Molecular cloning
Generation of full-length snail, worniu, and escargot
rescue constructs was as described (Ashraf et al., 1999).
The snail promoter used for these constructs contained 2.8
kb of upstream sequences, and the 3Vend point was at the
RsaI site, approximately 100 bp downstream from transcrip-
tion start, in the 5VUTR (Ip et al., 1992). This fragment was
inserted into a P element vector and the vector generated
was named pSnailp (Ashraf et al., 1999).
The Wor–Sna fusion construct was generated by ligating
the PCR products of N-terminal coding sequence of worniu
and C-terminal coding sequence of snail. The primers used
for worniu encompassed the region from 47 nucleotides
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XhoI restriction site, and therefore two aa residues, was
added to the end of this sequence. The primers used for the
Snail zinc-finger region generated a fragment covering
codon 240 to the stop codon; this primer also contained
XhoI restriction site for in frame fusion with the worniu
fragment. The two PCR fragments were ligated together into
the pSnailp vector using 5V KpnI and 3V XbaI sites. The
Sna–Wor fusion construct was generated similarly. The
snail fragment encompassed the region from 75 nucleotide
upstream of translation start to codon 239. The worniu zinc-
finger coding region encompassed codon 340 to the stop
codon. The same XhoI restriction site was used to link the
two fragments together.
The internal deletion series was constructed by using
single-stranded DNA template and mutagenic oligonucleo-
tides. A Bluescript clone containing the 5V half of snail
cDNA clone was first generated. The single-stranded DNA
template was obtained by induction of phage production
after transformation of the plasmid into CJ236 bacteria.
Annealing of mutagenic oligonucleotide to the single-
stranded template resulted in looping out of the region being
deleted. After annealing, template extension and transfor-
mation was as suggested by the protocol of Biorad
Mutagen kit. The clones were sequenced to confirm the
generation of the desired mutation. Fragments of these
clones were then ligated back to snail cDNA and then to
transformation vector containing snail promoter. The DM1
to DM7 have the following amino acid residues deleted:
6–25, 31–50, 55–75, 80–101, 107–127, 132–152, and
157–178, respectively.
The truncation clones were generated by PCR amplifi-
cation of the cDNA and ligation of the fragments obtained
to the appropriate vector. The SnaN contained a stop codon
at amino acid 245. The SnaC contained 25 nucleotides of 5’
UTR and the start codon fused with a fragment encoding
amino acid 245 to stop codon. The SnaCR had the start
codon fused with a fragment encoding amino acid 178 to
stop codon. The DNA fragments were then ligated to P
element vector containing the snail promoter. The CtBP
interacting motif mutants were generated in a Bluescript
cDNA clone of snail as previously described (Nibu et al.,
1998). These full-length cDNA fragments containing the
mutations were ligated to the pSnailp transformation vector
as described (Ashraf et al., 1999).
Generation of stripe 2-snail was performed by inserting a
1.2-kb NdeI (blunt)–HindIII snail cDNA fragment from
pBluescript-snail and a 1.4 kb HindIII–XbaI fragment
containing the even-skipped (eve) 3VUTR and polyadeny-
lation sequences into the pCaSpeR 22F vector cut with
Asp718 (blunt) and XbaI (Kosman and Small, 1997). The
resulting construct contains two copies of an enhanced
version of the eve stripe 2 enhancer, the eve basal promoter,
an FRT cassette containing the hsp70 3Vtermination region
flanked by two FRT sites, the snail cDNA, and the eve 3V
UTR.Embryo in situ hybridization and tissue sectioning
RNA in situ hybridization was performed as described
previously (Hemavathy et al., 1997). Briefly, in vitro
transcription was performed in the presence of digoxige-
nin-UTP (Dig-U) to synthesize Dig-U-labeled RNA from a
linearized plasmid template. Fixed embryos were hybrid-
ized with Dig-U-labeled RNA overnight, and then incu-
bated with alkaline phosphatase-conjugated anti-digoxi-
genin antibodies. The signal was developed using the
alkaline phosphatase reaction. Embryo sectioning was
performed by embedding the stained embryos in Epon
plastic (Hemavathy et al., 1997). The plastic embedded
embryos were cut as sections of 5-Am thickness.
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The function of Snail in gastrulation is not replaceable by
related proteins
Escargot and Worniu are closely related to Snail by virtue
of possessing highly homologous DNA-binding zinc fin-
gers. These three proteins are expressed during neurogenesis
and provide redundant functions in this process (Ashraf et
al., 1999). At the time of mesoderm formation and gastru-
lation, however, the expression patterns of these three
proteins are quite different. Snail exhibits a sharp on–off
pattern on the ventral side of the blastoderm, and this pattern
coincides exactly with the presumptive mesoderm, which
invaginates during gastrulation (Kosman et al., 1991; Lep-
tin, 1991). At this stage, Worniu is not yet expressed and
Escargot is expressed only in the neuroectoderm (Ashraf et
al., 1999; Yagi and Hayashi, 1997). Therefore, the strong
defect in mesoderm formation observed in snail mutant
embryos may be explained by the absence of expression of
Worniu and Escargot in this region.
To test directly whether Worniu and Escargot can per-
form the same function as Snail during mesoderm forma-
tion, we expressed the three genes individually in the
presumptive mesoderm in snail loss-of-function mutants.
Expression of snail using a snail promoter efficiently
rescued all the phenotypes associated with the loss-of-
function mutation (Figs. 1C–F). The expression patterns
of the target genes, sim and l(1)sc, in rescued embryos
resembled those in wild-type embryos (Figs. 1A, B). Some
of the rescued embryos had slightly expanded sim expres-
sion in the mesectoderm (Fig. 1E), which probably repre-
sents a lower level of transgene expression near the
mesoderm–neuroectoderm boundary when driven by the
2.8 kb snail promoter (Ip et al., 1992). Ventral furrows were
formed in these embryos with normal timing and coordina-
tion (white arrows). Invaginated mesodermal cells can also
be seen inside these embryos by sectioning (Fig. 1K). In
contrast, we did not observe any rescue of target gene
repression or mesoderm invagination by worniu or escargot
Fig. 2. Increased dosage of worniu and escargot cannot substitute for snail.
All embryos are anterior to the left and ventral views are shown. The probes
used are indicated as sim or rho. The rescue constructs were recombined to
give two copies of worniu (panel C and E) or one copy each of worniu and
escargot (panels D and F). These recombined chromosomes were put into
osp29 mutant background. Wild-type (WT) expression patterns of sim and
rho are included for comparison (panels A and B). Panel C is a stage 5
embryo before start of gastrulation, showing that sim expression is delayed
and present only in ventral cells. Panel E shows an embryo at germ band
extension with a derepressed sim pattern and no ventral invagination.
Similarly in panels D and F, rho is totally derepressed and no ventral
invagination occurs. The results demonstrate that increasing copy number
of worniu and escargot transgenes still cannot rescue ventral invagination,
while one copy of snail as shown in Fig. 1 is sufficient.
Fig. 1. Rescue of ventral invagination by Snail but not Worniu or Escargot.
Panels A–J show whole mount in situ hybridization of embryos around
stages 5–7, when gastrulation occurs. The RNA probes used are labeled at
the right corners. Panels K and L are tissue sections of whole mount
embryos. The orientation is anterior to the left (panels A–H) or Dorsal side
up (panels K and L). The whole mount embryos are ventral or ventral–
lateral views. The arrows in panels A–F point to ventral furrows (VF). The
embryos in panels A and B are wild type (WT), while all other embryos are
snail/, in either snailIIG05 or Df(2L)osp29 mutant background, and
contained rescue transgenes indicated as sna+, wor+, or esg+. Panels C–F
show that rescue by snail transgene is efficient, and the expression patterns
of sim and l(1)sc are similar to those in wild-type embryos. Panels C–E are
progressively older embryos with the ventral furrows getting progressively
deeper. Panel K is a section of an embryo similar to that in panel E, showing
the invaginated mesoderm (meso). Panels G–J illustrate that there is no
rescue of ventral invagination or gene repression by worniu or escargot
transgenes. Panel L is a section of an embryo similar to that in panel H,
showing the absence of mesoderm above the ectoderm (ecto) and the
derepression of sim.
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Tissue sectioning also showed the absence of mesodermal
cells above the ectoderm layer (Fig. 1L). Importantly,
Worniu and Escargot cannot even repress l(1)sc, which
was previously shown to respond to low levels of Snail
(Hemavathy et al., 1997). This suggests that these two
related proteins cannot repress most if not all Snail target
genes in early embryos.
All three transgenes have sustained expression in the
presumptive mesoderm as assayed by RNA in situ hybrid-ization (data not shown). Moreover, they should provide
functional proteins because each of these three transgenes
can similarly rescue developmental defects of neuroblasts
(Ashraf et al., 1999). We tested whether increasing the copy
number could provide rescue. Two copies of worniu trans-
gene still did not cause any repression of target genes or
formation of ventral furrow (Figs. 2C, E). Combining one
copy each of escargot and worniu transgene also could not
repress rho expression or promote ventral furrow formation
(Figs. 2D, F). Taken together, we postulate that even though
the three proteins have related structures and have similar
functions later in development, Snail has evolved some
unique properties to modulate ventral invagination in the
cellular blastoderm.
The transcriptional regulatory domain of Snail provides the
unique gastrulation function
Members of the Snail family of proteins contain four to
six highly conserved zinc fingers at their C-termini, which
function as sequence-specific DNA-binding domains
(Hemavathy et al., 2000; Nieto, 2002). The N-termini of
these proteins are more divergent and function as transcrip-
tion regulatory domains. We designed experiments to deter-
mine whether it is DNA binding or transcriptional
regulation that provides the unique function of Snail in
ventral invagination. A chimeric construct that fuses the N-
Fig. 3. The Snail N-terminus is important for ventral invagination. The
fusion constructs are shown schematically on top of the panels. The DNA-
binding zinc fingers (hatched boxes) are located at the C-termini of the
fusion proteins. The fusion constructs were crossed to snailIIG05 mutant
background. The embryos were stained for the expression of target genes as
indicated. Embryos in panels A, C, and E contain the Wor–Sna fusion. All
three target genes show fully derepressed patterns, and no ventral
invagination can be observed. Embryos in panels B, D, and F contain the
Sna–Wor fusion. In these rescued embryos, l(1)sc is fully repressed, rho is
partially repressed in the mid-ventral region, and sim is not repressed. The
invagination is delayed, but by the onset of germ band extension ventral
furrows (VF, white arrows) can be observed.
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generated (designated Wor–Sna). A reciprocal construct of
Snail N-terminus fused with Worniu zinc fingers (designat-Fig. 4. Functional dissection of the Snail protein. The full-length Snail protein co
terminus, starting from aa 245. Locations of the CtBP binding motifs (P-DLS-K an
full-length protein represent the portions of Snail encoded by the constructs a
background, and the embryos were all stained for sim, rho, and l(1)sc expression. If
If all three genes are derepressed, that is, no rescue, a () sign is assigned. Among th
is the last to show derepression. Therefore, the different degrees of repression of the
rescue. Ventral invagination was determined by examining the stained embryos uned Sna–Wor) was also made. When these two chimeras
were expressed by the 2.8-kb snail promoter in snail mutant,
different rescue phenotypes were obtained (Fig. 3). Using
the Wor–Sna chimera, we observed no rescue of transcrip-
tional repression or ventral invagination. Three different
target genes all showed derepressed patterns (Figs. 3A, C,
E), and even in later stages we did not observe any ventral
furrow formation. Therefore, DNA binding provided by the
Snail zinc-finger domain in conjunction with a heterologous
N-terminus is not sufficient to perform any of the in vivo
functions.
A similar rescue experiment using the Sna–Wor chimera
demonstrates that this protein acts as a repressor, albeit
weaker than the wild-type Snail protein. Sna–Wor repressed
the sensitive target l(1)sc completely (Fig. 3F) but caused
only partial repression of rho (Fig. 3D) and no repression of
the least sensitive target sim (Fig. 3B). Most importantly,
this chimera also rescued to some extent the gastrulation
phenotype. By the onset of germ band extension, coordi-
nated ventral invagination could be seen in most embryos
(indicated by white arrows). This activity is reminiscent of
the SnailV2 partial loss of function allele, which also cannot
repress sim but allows some degree of ventral invagination
(Hemavathy et al., 1997). Moreover, as previously shown,
the activity levels of Snail that can repress l(1)sc, even
though not enough to repress sim, are sufficient to promote
invagination (Hemavathy et al., 1997; Ip et al., 1994).
Therefore, we conclude that the San–Wor fusion is func-
tionally equivalent to a weaker Snail repressor, and that the
Snail N-terminus is the domain that is not replaceable in
modulating ventral invagination.ntains 390 amino acids (aa) and the five zinc fingers are located in the C-
d P-DLS-R) and the CPLKKRP motif are as indicated. The lines beneath the
s labeled to the left. The transgenes were crossed into snailIIG05 mutant
all three genes are repressed efficiently, that is, good rescue, a (+) is assigned.
e three target genes, sim is always the first to show derepression, while l(1)sc
three target genes were used to assign higher (+/) or lower (/+) degree of
der microscope, and the extent of rescue is assigned as shown.
Fig. 5. Rescue of invagination by Snail mutant proteins. Expression pattern
of sim and ventral invagination in rescued embryos are shown for some of
the constructs listed in Fig. 4. Panel A is ventral view of a snailIIG05 embryo
containing the SnaN transgene. There is no sim repression or ventral
invagination, indicating no functional rescue by this deletion mutant. Panel
B is sagittal view of a SnaC-containing embryo in which sim expression is
not rescued and no mesodermal layer can be seen above the blue-stained
ectodermal layer (ecto). Panels C and D are ventral– lateral views of DM1
rescued embryos at onset of ventral invagination (C) and germ band
extension (D). The repression of sim is not rescued but ventral invagination
is rescued, suggesting that DM1 is a partially functional protein. Panels E–J
show high degree of rescue of sim repression and ventral invagination by
the constructs indicated.
Fig. 6. The CtBP co-repressor interaction motif is critical for Snail to regulate ventr
indicated rescue constructs were stained for target gene expression as labeled. The
both (mutKR) CtBP binding motifs. In CtBP-mutK rescued embryos (panels A,
repressed efficiently. Moreover, ventral invagination can be observed, as indicated
(panels B, E, H). sim is almost completely derepressed and some ventral derepress
in a small part of the ventral region (arrow, panel B). The CtBP-mutKR double m
have complete derepression patterns and no ventral invagination can be observed.
linked to the degree of invagination.
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The results presented so far suggest that the unique ability
of Snail to regulate invagination depends mostly on the N-
terminus of the protein. Therefore, we performed a systematic
analysis of the functional domains within this region (Figs. 4
and 5). We first tested two constructs expressing only the N-
or C-terminus of Snail (designated SnaN or SnaC). Neither of
them exhibited any rescue activity (Figs. 5A, B), demonstrat-
ing that both DNA binding and transcriptional regulation are
essential for Snail to perform its in vivo functions. We did not
experience any difficulty in obtaining or maintaining these
transgenic lines, suggesting that neither of these mutant
proteins acts as a dominant negative at the expression level
driven by the snail promoter used.
Seven mutant proteins that contained small internal
deletions were then assayed for their ability to rescue. Each
of these deletions removed approximately 20 amino acids.
All these internal deletion constructs, except DM1, showed
nearly complete rescue of invagination and sim pattern in
snail/ mutant background (Figs. 4 and 5C–H). The DM1
construct, which deletes amino acids #6–25, was defective
in repressing sim (Figs. 5C, D). The onset of ventral furrow
formation in these embryos was delayed, but by the time of
germ band extension most of the ventral cells had invagi-
nated. Therefore, deleting this region renders the Snail
protein partially nonfunctional. We do not know the molec-
ular function of this region, but speculate that it may
modulate nuclear transport because it contains a conserved
motif that is relatively basic (the CPLKKRP motif, Fig. 4)
(see Discussion).
Analysis of the serial deletions suggests that the N-
terminal region up to amino acid 178 is largely dispensable
l Biology 269 (2004) 411–420al invagination. Embryos from fly lines containing snailIIG05 mutant and the
rescue constructs contain point mutations in either one (mutK or mutR) or
D, G), the sim pattern shows partial repression, while rho and l(1)sc are
by the white arrows. The CtBP-mutR mutant shows lesser degree of rescue
ion of rho and l(1)sc is also observed. Ventral invagination is only observed
utant cannot rescue gene repression or ventral invagination. All three genes
Therefore, the degree of gene repression by various Snail mutant proteins is
Fig. 7. Ectopic Snail can repress target genes but cannot promote
invagination. In situ hybridization of embryos collected from stripe 2-snail
transgenic lines is shown. The probes used are indicated at the right corners.
The white arrows point to cephalic furrows or the positions of presumptive
cephalic furrows. The brackets underneath the embryos indicate the stripe 2
expression domain. Panels A–C show the expression of endogenous snail
in ventral cells and transgenic snail in the stripe 2 domain. No invagination
within the stripe 2 domain can be observed in embryos at various stages.
Panels E and G show the repression of sim and rho in the stripe 2 domain.
Panels D, F, and H show the expression patterns of string (stg), serpent
(srp), and folded gastrulation (fog) in stripe 2-snail-expressing embryos.
These patterns are identical in these stripe 2-snail-expressing embryos and
in wild-type embryos (not shown). No ectopic expression of these genes
along the stripe 2 domain (brackets) can be detected.
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construct coding for a truncated protein that contains only the
C-terminal half starting with this residue. This protein (des-
ignated SnaCR) when expressed in vivo had an activity
almost indistinguishable from the full-length protein. The
expression of sim in the rescued embryos was restricted to the
mesectoderm, and the ventral furrow formation was timely
and coordinated (Figs. 5 I, J). This result clearly demonstrates
that the domain spanning amino acids 178–245, in conjunc-
tion with the DNA-binding domain, is sufficient to repress
target genes and control invagination.
The co-repressor interaction motifs are most important for
Snail to regulate gastrulation
The region between amino acids 178 and 245 contains a
CtBP co-repressor interaction motif (P-DLS-R; Fig. 4) (Nibu
et al., 1998). A previous report demonstrates that mutating
this motif causes a significant reduction of Snail binding to
CtBP (Nibu et al., 1998). Therefore, it is possible that the P-
DLS-R motif located within SnaCR is a key element for the
strong rescue activity. To gain support for this hypothesis, we
generated a rescue construct that contained mutation in this
motif in the context of a full-length protein. Mutation of this
motif (CtBP-mutR) showed a very strong effect on target
gene repression compared to wild-type Snail. There was
nearly complete loss of repression of sim (Fig. 6B), and
partial derepression of rho and l(1)scwas observed (Figs. 6E,
H). These embryos also had defects in ventral invagination,
with only some embryos showing partial invagination (Fig.
6B arrow). In contrast, mutating the second CtBP interaction
motif (P-DLS-K; designated CtBP-mutK) near the N-termi-
nus caused very little change in rescue activity compared to
the wild-type protein. Repression of simwas defective only in
lateral regions near the mesectoderm and nearly complete
repression of rho and l(1)sc was observed (Figs. 6A, D, G).
Moreover, ventral invagination was rather normal in most
rescued embryos (white arrows). We also tested a rescue
construct containing mutations in both interaction motifs
(CtBP-mutKR). This construct showed no rescue activity;
all the genes were completely derepressed and we observed
no cell movement in the ventral region. This suggests that
both CtBP co-repressor interaction motifs are important for
Snail to control gastrulation and no other region in the protein
can substitute for their function. Furthermore, we observed
that a gradual decrease of repressor activity was associated
with a gradual loss of ability to rescue invagination. Together,
the results support the argument that transcriptional repres-
sion is the mechanism for Snail to regulate invagination.
The Snail repressor is not sufficient to promote cell
movement outside the ventral domain
To test whether Snail can promote cell movement outside
the ventral domain, we ectopically expressed Snail using the
stripe 2 enhancer (Kosman and Small, 1997). This well-characterized enhancer directs expression of Snail in a stripe
of cells posterior to the cephalic furrow in the early embryo
(Figs. 7A–C). At the onset of germ band extension when
the cephalic furrow (white arrows) and ventral furrow are
well formed, we observed no invagination in the stripe of
cells that expressed Snail (Figs. 7A, C). This ectopic Snail is
functional because there was efficient repression of rho and
sim along the stripe 2 domain (Figs. 7E, G, indicated by
brackets). The narrow width of the stripe-expressing Snail
should not be a limiting factor for invagination because
previous transplantation experiments demonstrate that even
small groups of cells can invaginate autonomously (Leptin
and Roth, 1994).
The ventral expression of serpent (srp, encodes GATA-
b), folded gastrulation (fog, encodes a secreted molecule),
and string (stg, encodes Cdc25 phosphatase) becomes
weaker or abolished in snail/ mutant embryos (Costa et
K. Hemavathy et al. / Developmental Biology 269 (2004) 411–420418al., 1994; Grosshans and Wieschaus, 2000; Hemavathy et
al., 1997). Therefore, although less likely, it remains a
formal possibility that Snail can activate these target genes,
and that gene activation may play a role in promoting cell
movement (Hemavathy et al., 1997). In our ectopic expres-
sion experiment, we did not detect any expression of these
three genes in the stripe 2 domain (Figs. 7D, F, H).
Therefore, the results together suggest that Snail still func-
tions efficiently as a repressor when expressed outside
ventral cells. However, there is no indication that Snail by
itself is sufficient to promote cell movement or to activate
gene expression.Discussion
The results presented here suggest that Snail functions as
a repressor to modulate mesoderm invagination. Within the
Snail protein, the CtBP co-repressor interaction motifs are
the most important elements for repressing target genes and
controlling invagination. Although Worniu and Escargot
also contain CtBP interaction motifs, the detailed sequences
are different (Ashraf et al., 1999). We speculate that Escar-
got and Worniu interact less strongly with CtBP. Therefore,
they may be weaker repressors and may not be able to
repress all the target genes required to rescue the invagina-
tion phenotype. We have demonstrated that the CtBP
interaction motifs on the Snail protein are required for
neuroblast development (Ashraf and Ip, 2001). The require-
ment of the CtBP motifs on the other two proteins has not
been examined. One possible explanation for why the three
proteins have equal function in neuroblast division is that
this process requires the repression of only a few target
genes and any one of the three repressors is sufficient.
Deletion of the first 20 amino acids in Snail causes a mild
loss of function (Fig. 5). Within this region, the CPLKKRP
sequence is identical among Snail, Escargot, and Worniu
(Fig. 4) (Ashraf et al., 1999). Because this motif is relatively
basic, we speculate that it may help nuclear import of the
transcription factors. A recent report demonstrates that
phosphorylation of serine residues in the human Snail
protein regulates nuclear export (Dominguez et al., 2003).
The Drosophila Snail protein also contains a serine-rich
module located N-terminal to amino acid 178 (Hemavathy
et al., 2000). Perhaps the CPLKKRP motif functions to
counteract nuclear export. This speculation is consistent
with the result of SnaCR, which does not contain the
CPLKKRP sequence and yet rescues even better than the
DM1 deletion. Perhaps the combination of relatively small
size of the SnaCR mutant protein and deletion of the serine-
rich export module allows the SnaCR protein to diffuse into
the nucleus without the help of the CPLKKRP motif. Once
in the nucleus, the remaining P-DLS-R sequence is suffi-
cient to recruit CtBP to mediate repression.
Another important observation is that the repressor
function of Snail directs invagination only within the ventraldomain. Outside this region, Snail cannot promote cell
invagination even though it can repress target genes. The
stripe 2 enhancer-driven Snail expression level should be
sufficient because it can repress sim and rho, which require
the highest level of endogenous Snail for repression (Hema-
vathy et al., 1997). Therefore, the fact that ectopic Snail
cannot promote cell movement is not caused by a failure to
repress the correct target genes. Rather, our results suggest
that ventral cells have autonomous properties that allow
them to go through invagination, and Snail alone cannot
establish these properties outside the ventral domain. Snail
likely functions as a critical safeguard for the process by
repressing genes that would otherwise interfere with invag-
ination. Such a permissive function of Snail in mesoderm
invagination is consistent with results obtained from trans-
plantation experiments (Leptin and Roth, 1994). Ventral
cells dissected from wild-type embryos showed cell auton-
omous invagination regardless of the positions they were
transplanted into in the recipient embryo. Therefore, the
intrinsic capability of invagination is well established in
ventral cells by the onset of gastrulation.
The autonomous ability of ventral cells to invaginate
may be set up directly by the Dorsal morphogen. This model
predicts that no individual downstream gene of Dorsal,
including Twist and Snail, can substitute for Dorsal in
promoting mesoderm invagination. Even though twist and
snail mutants have severe gastrulation defects, there is no
evidence that either alone is sufficient to promote invagina-
tion (this report and Ip et al., 1994). Ectopic expression of
folded gastrulation, a downstream gene of twist and snail,
can promote individual cell shape changes, but not coordi-
nated invagination (Morize et al., 1998). Moreover, the
mesoderm invagination phenotype is much less severe in
loss of function folded gastrulation mutant embryos (Costa
et al., 1994). On the other hand, when there is expansion of
the Dorsal protein gradient, significant expansion of ventral
invagination can be observed (Leptin and Grunewald, 1990;
Morisato, 2001; Roth and Schupbach, 1994). Furthermore,
cytoplasmic transplantation experiments show that activa-
tion of the Toll pathway determines the position and the
extent of ventral furrow formation (Roth, 1993). Therefore,
it is possible that only Dorsal, with the help of co-activators,
can activate the whole spectrum of target genes required for
ventral cell movement. Genomic analysis in the early
embryo identified more than 50 genes regulated by Dorsal
(Stathopoulos et al., 2002). The functional dissection of
these target genes may provide the missing links.
As a downstream component of Dorsal, Snail contributes
to the process of invagination by repressing other genes that
may interfere with gastrulation. However, there is no indi-
cation which of the Snail target genes when derepressed will
block cell movement. It has been demonstrated that ventral
expression of sim, rho, or l(1)sc one at a time does not
interfere with gastrulation (Hemavathy et al., 1997; Ip et al.,
1994). We favor the model that derepression of multiple
target genes at the same time is required to disrupt gastru-
K. Hemavathy et al. / Developmental Biology 269 (2004) 411–420 419lation. Each of these target genes, when expressed in ventral
cells, may block part of the machineries required for cell
movement. The phenotype observed in snail mutant embry-
os thus represents the sum of action of many derepressed
genes, which suggests that deleting one target gene at a time
in snail/ background will not suppress the invagination
phenotype. Instead, deleting a combination of snail target
genes may be required to restore cell movement. Identifi-
cation of more snail target genes should help to fully
understand how Snail regulates gastrulation.Acknowledgments
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